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When a laser pulse of certain polarization or an electron beam excites atoms in a plasma, the
spectrum of the radiation emitted by the atoms exhibits differently polarized line core and line w
This unusual effect, which is predicted to occur under a variety of conditions, can be accompan
the appearance of the forbidden component in the spectrum, with polarization opposite to that
exciting laser pulse. [S0031-9007(97)03606-5]

PACS numbers: 52.40.Nk, 32.70.Jz, 52.25.Rv, 52.70.Kz
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Radiation from atoms immersed in a plasma c
be broadened through several means, including Dop
broadening, collisional broadening, and Stark broaden
The polarization of the broadened spectrum, howev
need not be uniform over the line profile. This pap
describes an interesting effect that accompanies atom
a plasma that are prepared preferentially in one magn
sublevel. The core and the wings of the radiation spe
from these atoms are polarized to different degrees.

The first such interesting polarization effects we
discovered by Zavoiskii [1] and Sholin and Oks [2
where differences in the line core and wing degree
polarization in the optical range of frequencies ar
from low-frequency turbulent electric fields in the plasm
Because there is a preferred direction to the plas
fields, the circularly polarizeds components lie close
to the center of the line, while thep components split
into the wings. Hence, the different polarizations exhi
different line profiles [3,4]. This effect also is reputed
responsible for the polarization of x-ray line profiles inZ-
pinch plasma [5], even though the electric fields are n
quasimonochromatic and intense enough to split up
line into satellites [6].

It is also true that an anisotropic electron velocity d
tribution can excite preferentially one magnetic suble
[7,8]. Kieffer et al. measured polarized line emission
the presence of a beam of fast electrons [8]. Since
preferential excitation depends sensitively on beam dir
tivity, moments of the electron velocity distribution cou
be deduced from differences in polarization.

We show, however, that if magnetic sublevels a
preferentially excited in a plasma, there is not only t
net polarization of the emission [8], but also differenc
in the degree of polarization between the line core a
wings. The means of achieving the preferential excitat
could be an electron beam [8] or polarized laser light.

First, suppose a distribution of microfields which
isotropic, but sharply peaked around a given amplitu
We find that emission in the line core is almost unpola
zed while the line wings are almost completely polariz
This can be understood from the uncertainty princip
Atoms radiating in a timeDt emit into the line wings
0031-9007y97y79(4)y669(4)$10.00
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at a characteristic frequency detuningV ; v 2 v0 ,
1yDt, wherev0 is the resonant frequency. LetT be the
characteristic time for mixing of the magnetic sublevels
the presence of the plasma microfields, which we assu
to be less than the decay time. ForDt ø T , an atom
does not have time to change its state before it deca
hence, it emits a photon of polarization corresponding
the preferentially excited sublevel. On the other han
for Dt $ T , the atomic states are mixed due to plasm
microfields prior to the line emission. Thus, emission in
the wings, arising from short radiation times, should
polarized, whereas emission into the core, arising fro
long radiation times, should be much less polarized.
course, in a plasma, if the distribution of the microfield
is not sharply peaked around a given amplitude, then
observed radiation would be an averaged effect ove
distribution of amplitudes. As shown below, this avera
can retain important features of the sharply peaked cas

Incidentally, this effect should occur also in the pre
ence of the polarization effects discovered in theZ-pinch
experiment reported by Oks [5], because the axial c
rent should preferentially excitep states. Thus, the dif-
ferences in degree of polarization between the core
wings could be attributed both to the turbulent fields a
the differences in the initial populations.

In order to find the line profile in a plasma, it i
necessary to take into account the coherency betw
atomic sublevels, something that is accomplished us
the density matrix approach [9].

In order to gain insight into spontaneous emissi
of an atom in stochastic plasma fields, consider fi
the case of a constant electric field, where an atom
excited into one magnetic sublevel. Suppose the ato
structure depicted in Fig. 1. Transitions occur betwe
the degenerate upper leveljJ ­ 1, m ­ 0, 61l and the
lower level jJ ­ 0, mj ­ 0l. The external electric field
couples the upper leveljJ ­ 0, m ­ 0l to thes ­ jJ ­
1, m ­ 0, 61l levels. Let thez axis be along the direction
of a circularly polarized laser pulse. (The case of line
polarization is handled similarly.)

Projecting the Schrodinger equation onto eigenfun
tions of the angular momentum, we get a system of line
© 1997 The American Physical Society 669
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FIG. 1. Double lines represent mixing of levels due to sta
electric field; thin lines correspond to spontaneous decay ofs
levels. Upper levels are degenerate.

differential equations for the amplitudes

i
das

dt
­ Vsuau, i

dau

dt
­

X
s

Vusas , (1)

where Vus ­ VEp
s ­ dusEEp

s is a matrix element of
the interaction with electric field, andE and Es are the
amplitude and dimensionless spherical component of
electric field, respectively.

For initial conditionsasst ­ 0d ­ dsa, Eqs. (1) have
the solution

as ­ Ep
aEsscosVt 2 1d 1 dsa , (2)

au ­ 2iEp
a sinVt , (3)

wherea stands for the polarization of the pulse.
For a right-hand circularly polarized laser pulsea ­ 1,

Eqs. (2) and (3) give the expectation value of the dipo
moment of the transition between upper and lower lev
as

d ­
p

2 dfsE2
xex 1 ExEzezd s1 2 cosVtd cosv0t

2 sex cosv0t 1 ey sinv0tdg , (4)

where the electric field is assumed to lie in thex-z plane.
Note that the tip of the dipole moment vector describ
an elliptical path in time1yv0; the plane of this path,
initially in the x-y plane, oscillates around they axis with
frequency1yV . The electric field behaves similarly, a
shown in Fig. 2.

Consider now a laser pulse, say, of right-hand circu
polarization, exciting an atom that is subjected to th
stochastic microfields of a plasma. The line formatio
can be treated in two limits, impact and quasistatic [10
corresponding to emission into the line core and lin
wings. Frequency detuningV less than the Weisskopf
frequencyvW [11] corresponds to the line core, while
detuning greater thanvW corresponds to the line wings.
670
ic

he

le
ls

s

ar
e
n
],
e

FIG. 2. Polarization of radiation whenEz fi 0.

The atomic spontaneous emission spectrum can
written as [12]

Rsvd ­ 2hv RefiGsrgsss ­ 2Vdg , (5)

where Gs is the matrix element of the Hamiltonian of
the interaction between an atom and the spontaneo
field, with polarizations and frequencyv, and where
rgsss ­ 2Vd is the Laplace transformed atom1 field
density matrix element,rgsstd, evaluated ats ­ 2V.

Assume the spontaneous field is sufficiently wea
that only transitions from the upper level to the
lower one are induced. Hence, the equations for th
atom1 spontaneous field density matrix, in the qua
sistatic limit, can be written as [9,13],

i Ù̄rgs ­ 2r̄guVus 1 sV 2 iGdr̄gs 1
X
s0

Gp
s0 r

0
s0s , (6)

i Ù̄rgu ­ 2
X
s

r̄gsVsu 1 Vr̄gu 1
X
s0

Gp
s0 r0

s0u , (7)

whererstd ­ r̄stdeiVt , r
0
ss0 is the atomic density matrix,

and whereG is the radiation decay constant.
For simplicity, we neglect collisional contributions to

the line broadening. This can be justified, i.e., in a
turbulent plasma, when the influence of wave fields
Ef , becomes dominant over fields,Ep , due to single
particles, kE2

f l1y2yĒp ¿ 1. It is known that the effect
of these fields on radiating atoms can be described
the quasistatic approximation [11]. In thermal plasma
this procedure is valid, when electrons are quasistat
[11], or when electron collisional contribution,ne, is
smaller than the radiative width,G, which scales as
Z4 for multiply charged ions. Note thatG has to be
of the order of quasistatic ion width,wi, to ensure
quasistaticm mixing, essential for the effects described
in this paper. These requirements lead to the constra
on the ion density,Ni ø 1014Z5T

1y2
e seV d, Ni , 0.5 3

1015Z4 cm23, which can be satisfied forZ , 10 and
Te . 1 eV.
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Also, the contributions of the ion motion of the ambien
plasma to the line boadening can be neglected in m
cases of interest [11], which means that the ion fiel
can be viewed as quasistatic. If Stark broadening
larger than Doppler broadening, the radiating ions can
assumed to be stationary; otherwise, the theory presen
here is easily generalized.

The inverse matrix for the inhomogeneous system
Eqs. (6) and (7) is

sD21dss0 ­
V 2 iG

detD
sfV 2 2 V2 1 iVGgdss0 2 V p

sVs0d ,

(8)

sD21dsu ­ 2
V 2 iG

detD
V p

s , (9)

detD ­ sV 2 iGd2fVsV 2 iGd 2 V 2g . (10)

The atom1 field density matrix element,̄rgsjs­0, which
enters Eq. (5), can now be written as

rgsjs­0 ­
X
s0n

D21
snr0

s0nGp
s0 . (11)

It remains, of course, to find ther0
ss0 .

The atomic density matrix equations can be written a

i Ùr0
s0s ­ Vs0ur0

us 2 r0
s0uVus 2 i2Gr0

s0s , (12)

i Ùr0
su ­ Vsur0

uu 2
X
s0

r0
ss0 Vs0u 2 iGr0

su , (13)

i Ùr0
uu ­

X
s

sVusr0
su 2 r0

usVsud , (14)

which form a homogeneous system of equations of t
form i Ù$r ­ M ? $r, where M is a 16 3 16 matrix, to
be solved with initial conditionsr

0
nn0st ­ 0d ­ daa,

where n stands for boths and u, and a is the po-
larization of the laser pulse which excited the atom
time t ­ 0.

The standard technique for solving Eqs. (12)–(14) is
Laplace transform and then invert the fundamental matr
which is large. However, a much simpler approach c
be employed in the regime we consider, which in th
end enables us to find a simple analytic form for th
polarization. Thus, we can write

sfM 2 Isg21dn1n2
nn0 ­

Z `

0
eistfAnn1 stdA

p
n0n2

stdg dt , (15)

where Ann1 std is an evolution matrix for the amplitudes
found from the system of Eqs. (1), modified to includ
damping termsGas. The Ann1 std can be calculated by
inverting only a4 3 4 matrix, and, upon substitution into
t
st
s
is
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Eq. (15), we get

r0
ss0 ­ jEaj2EsEp

s02g

2 sEp
s0 Eadsa 1 EsEp

ads0adg 1
1

2G
dsads0a ,

(16)

r0
su ­ s2jEa j2Es 1 Eadsad

iV
V 2 1 2G2 , (17)

g ­

µ
1

2G
2

G

V 2 1 2G2

∂
. (18)

Thus, usingr
0
nn0 from Eqs. (16)–(18) in Eq. (11), we

have

Iss0 ~

Ç
V 2 iG

detD

Ç2 µ
1
15

V 4dss0

1
1
6

∑
3V4 1 V 4 2 V2V2

3
4V 2 1 5G2

V 2 1 2G2

∏
dsads0a

∂
.

(19)

The degree of a circular polarization can now be calc
lated as

PwsVd ­
g

1 1 g
, g ­

1
2

µ
I1

I2

2 1

∂
, (20)

g ­
5
4

1
V 4

∑
3V4 1 V 4 2 V2V 2 4V 2 1 5G2

V 2 1 2G2

∏
, (21)

for initial conditions r
0
nn0 st ­ 0d ­ d11. The simple

analytic form for the polarization, Eq. (20), is a principa
result of this work. In Fig. 3, we showPwsVd appropri-
ately averaged over different microfield distributions.

In the impact limit, V , vW , the equations for the
atom1 field density matrix can be put into the irreducib
form [14]

i Ù̄r
k
q ­ fV 2 iḠkgr̄k

q 1
X
ss0

s21dsC
kq
0012sGp

s0 r0
s0s , (22)

where k and q stand, respectively, for the amplitud
and projection of the angular momentum resulting fro
addition of angular momenta of the lower and upp
levels,C

kq
0012s is a Clebsh-Gordon coefficient, and̄Gk ­

G 1 gk , with gk being a rate of destruction of coherenc
between upper and lower levels. The inverse of t
fundamental matrix ins representation is

sH21dss0 ­
1

iḠ1 2 V
dss0 . (23)

Making use of Eqs. (5), (16)–(18), (22), and (23), w
can write down the polarization matrix of the emitte
photon

Iss0 ~
Ḡ1

G

2
15 V 2dss0 1

1
3 sV 2 1 3G2ddsads0a

sV 2 1 G2d sV2 1 Ḡ
2
1d

, (24)
671
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FIG. 3. Degree of circular polarization vs frequency: curve
1 (quasistatic) and 2 (impact) correspond toPsVd at one
particular value of the microfield,V , with GyV ­ 0.01. For
curves 3 and 4,V represents an averaged quantity over th
corresponding microfield distribution, Holtzmark or Gaussia
plotted for the caseGyV ­ 0.01.

which is valid for the line core.Thus, from Eqs. (20) an
(24), the degree of the circular polarization is

PcsVd ­
5
9

1 1 3sGyV d2

1 1 5y3sGyV d2
, (25)

which is independent of the frequency detuning,V

(line 2 in Fig. 3). Note from Fig. 3 (line 1) that the
line wings are almost completely polarized, while the lin
core is only partially polarized, in agreement with th
qualitative predictions outlined in the introduction. Not
also a prominent dip in curve 1, which means that, at t
frequencyV , V , the emitted photon is predominantly
counterpolarized, namely, left-hand polarized. The fa
that I2 is greater thanI1 at the frequency detuning
V , V arises from Stark oscillations ofrgs at frequency
V , with initial conditionsrss0 st ­ 0d ­ ds1ds01.

Note that Eqs. (21) and (25) refer to the case of m
crofields of fixed amplitude, whereas, in a plasma, the
is a distribution of amplitudes depending on, among oth
things, the number of particles in a Debye sphere. C
responding to the limits of infinite and zero number o
particles in the Debye sphere are the Holzmark a
nearest-neighbor approximations, respectively. Avera
ing with respect to a Holtzmark [11] field distribution we
obtain curve 3 in Fig. 3; an averaging with respect to
nearest-neighbor ion distribution yields a very similar r
sult. Thus, the degree of polarization is fairly insensitiv
to the plasma parameter regime. Note that, upon av
aging, both the counterpolarized feature and the polari
tion in the wings become muted. For the case of sta
ionic broadening, polarization remains only in the lin
core. However, in principle, nonequilibrium distribution
could exhibit a peaked distribution of amplitudes, whic
would then result in a counterpolarized forbidden comp
672
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nent in the broadened spectrum. The fact that differ
microfield distributions lead to different polarization fea
tures could inform importantly on the plasma state.

Alternatively, consider a Gaussian distribution of flu
tuating fields, generated by waves in an isotropic plas
at thermodynamic equilibrium. Curve 4 in Fig. 3 rep
resents an averaging over such fields. Note that s
averaging retains both polarization in the wings and
pronounced minimum. This striking difference betwee
the influence of particle and wave fields on the degree
polarization could serve to distinguish between the re
tive intensities of long wavelength and short waveleng
stochastic fields.

In summary, in the simplest configuration of leve
that exhibits polarization effects, we have found that t
degree of polarization over the line profile of emissio
from atoms prepared in one magnetic sublevel depe
upon the plasma microfield distribution. For the case
a Gaussian distribution, which describes turbulent wa
fields, we find complete polarization in the wings.
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